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=} The concept of rapid) and continuous re. 
>= newal of the epithelium of the normal small 
intestine has been established by morpho- 
2... logic study” and by kinetic analysis. em- 
ploving radioactive deoxyribonueleie eid 
precursors and autoradiographie — teeh- 
niques”) !© experimentally, cellular pro- 
liferation and migration in the intestinal 
Ljad epithelium are known to be influenced by 
ww end such factors as endocrine deficieney * xtarva- 
veee tion.’ exposure to ionizing radiation,” partial 
votes resection of the small intestine.” and age 
of the animal!) However, the mechanisms 
by which epithelial renewal ix regulated in 
wrens the normal state, and the factors which de- 
= termine the normal pace of the renewal 
process, are largely unknown, 
ax The character of the intraluminal environ. 
ment of the infestine might reasonably be 
expected to influence the fife eyele of mu- 
cosal cells, The bacterial flora, a signifieant 
component of thi environment, dive been 
shown by comparison of germ-free and con. 
ventional animals to be an important de- 
terminant of mucosal structure. Morphologie 
study of the guinen pig' and metric stiud- 
iow; particularly of the rat have estab- 
fished that many “normal” characteriatios 
of the mucosa fail to develop fully in: the 
absence of a baeterial flora. In faet, the 
normal state of altars in the mucosa has 
heen dexeribed ae one of “physiological in- 
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A Comparison of Germ-Free and Conventional Mice” 


Gerald D. Abrems, M.D., Heinz Bover, M.D., and Helmuth Sprinz, M.D. 


In the cote of a study extending these 
observation® to various parts of the yaudro- 
intestinal tract of the mouw, certain feu: 
tures of the epithelium cand the lamina 
propria suggested that their rates of cellular 
renewal might be influenced by the presence 
or abeonce of a living fom. Therefore, a 
detailed analysix, employing tritiated thy- 
midine ax a tracer in germ-free and con. 
ventional mice, vas undertaken to delineate 
the role of the normal flora in extablishing 
these rates. ‘Phe present report concerns 
the original morphologic observations and 
the subsequent antoradiogrphie findings 
in the ileum of these animals. 


MATERIALS AND METHODS 
ANIMALS 


Mice of the Swiss Webster (ND-2) strain 
were ouned. Protiminary morphologie ob- 
servations were made on animale between 
Sand 6 months of age, whereas the mice 
teed in the autoradiographic study were all 
3 months old. All animals, including those 
of the conventional group, were maintained 
in flexible plastic ixolators:,7* with the usp of 
standard gnotobiotie techniques,* and were 
fed the 1-462 dict. The germ-free and the 
conventional animals, Leouced under iden 
tical conditions and fed) the name acrilized 
dict, differed only by virtue of the preenee 
of a living bacterial flora in the conventional 
tininmls,* “The germ-free state wie defined 
in terme of the abvence of protozoan, fungal, 


* The foenl flor of conventional mice rriarl 
tim dee thei ntutely de knnower teeintly: te inelude 
nnneraben of the Cloetridiviy “TT tarnides - 
serotypes, eliplit herd pare ae 
bacilli, mierocoeed, Vida 
tocluelliag meenht 
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huetorial, or metazeu agents demonstrable 
by standard techniques." Cultures from the 
gerin free jsolators. whieh always ineluded 
fecal material in the inoculum, were con 
sixtentive negative before and after dhe ex 
periments, 


ACTOIADIOGHAPHTIO TROUSTQU ES 


Sterile Critiated thymidine (0.360 e. per 
numale) was taken date the dsokators in glia 
tinpules, through oa loek sterilized with 
peracetic acid. Mach monse was given 40 ge. 
Intraperitoneally in Gf mi. of isotonic saline 
solution, The aninids were sacrificed im- 
mediately upon exposure to the conventionad 
environment at iitervials of 1, 11, 246, 36, 
and (8 hours after the administration of 
tritiated thymidine, Mach time group. jn- 
chided) four te seven germ-free mice and 
approximately as iminy conventional mice, 
both sexes being represented, 

At necropsy, the terminal 8 em. of ileum 
were divided into three segments which 
were opened and flattened on a ecard and 
fixed in formalin, The puraffin-embedded 
fixstie wir sectioned at fog, and one xdide 


from cach block wie stained with hema-., 


toxvlin and comin while two additional sides 
were counted with nuclear track emulsion 


(Kodak? NTB-2) by the dipping method7: 


These autorndiographs were developed after 
tt J-month period of exposure, and stained 
with hematoxylin, 


QUANTITATIVE EVALUATION 

all of the caiantitative histologic ovalun- 
lions the segments of teu from a given 
animal were separately scored at diferent 
fines (oo minimize the bias inherent in per 
forming counts on conmmecntive samples from 
the same animal, The data prownted fora 
given mouse represent the counts derived 
from the three blocks of ileum, pooled after 
completion of the counting, | 

Ir comparing mucosal dimensions, erypts 
nd villi were inenstirod tn terms of ium, 
her of epithelial celle rither. than in linear 
dimensions in order to eliminate: varinbles 
related to. differential shrinkage and dis 
tortion, By this methed, similar to that of 
Quustler,* the depth of a erypt, for instance, 
monenmred tn term of the iiinber of epi. 
elial colle iia shagle-tite column extending 


Laboratory Investigation 


vertically from the botiose of che erypt to 
the level of the crypt-villis junction, Ouly 
the erypt-villus unite that were sectioned 
won to inehide, in continuity, the bottom 
of the erypt, the lumen ef the erypt, a con 
tintious erypt-villus junction, and the tip 
of the ville were included in such counts, 

In the autorndiographs, cells were scored 
its labeled if three or more silver grains were 
present over their nuclei. fn the mice eacri- 
ficed A hour after injection of tritiated thy- 
midine, the mean mumber of labeled cells 
per erypt section was determined by count. 
ing collx in 40 ideally sectioned erypts per 
animal. dn the remaining time groups, the 
position of the label in cach animal was 
scored in termes of the average number of 
epithelial cells in single-file column ex- 
tending verticn'ty from the bottom of the. 
crypts up to che fending labeled epithelial 
cells in ideally wetioned erypt-villus unite, 
An average of 40 such unite was evaluated 
for cach mouse, and the mean count: was 
recorded as the value for that animal, Plot- 
ting them values as functions of time al- 
lowed a statiatical comparison of the rite 
of epithelial turnover in germ-free and con. 
ventional animals, 


RESULTS 
Morrrtorodie OuskevaTions 


The morphogenetic impact. of the normal 
flora on the mucosa ix apparent from the 
comparison of the ileum of the germ-free 
mene With that of its conventional counter. 
part, 

The lamina propria in the germ-free meee 
(ig. 1) consists of only a xparie stron. 
surrotinding the blood vemel amd lym. 
phatien, and itcontains few lymphocytes 
id mononicloar cells, In the conventional 
mote (Fig. 8) the lamina propria: ie ox. 
panded to ite more familiar state, and lym- 
phocytes, monontelonr cella, and plum 
colle are more numero, Similarly, the 
Peyer's patches tn the gorn-free notin are 
amuller than tn the conventional animal, and 
they show fewer reaction conten, few or 
plasma celle, nnd relatively tittle mitotic 
netivity. 

The epithelium of the gonn-fiee animal 
tenide to he more regular than that of the 
conventional aniionl, amd, expectaily in ee. 
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Hons stated with the periodie cet Sefute costhedmin i ninel greater ce the couven 
rege, the colimnaae abserbiig cells ap tonal thn te the gern: free aed. 

pene ta iave a wider brush border. Che Comparisen af overall mitcosal architer 
nttaber of Dinploevtes assorted with the ture dn the two groups af aiice indiestes 
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Laborotory Investigation 


Tene b Ptesstens or This Micose as Gari Frebk wse Cosvenrtoncn Miar 


Fotaab ened 
hit h reese’ 


Cerne free e2b niees Wh? te OD 
Conventional 20 miees 7 OS 
P value of differences <td 


OL spressed in numbers of epithelial cotls, 


that the total mucosal thiekness is somewhat 
less, and that the ervpts, ino particular, are 
shallower in the germ-free than in the ean. 
ventional animal, This impression ix borne 
out by actual cell counts, summarized in 
Table 1, where the presence of the conven. 
tional flora is seen to be associated with an 
ineveaxe ip all mucosal dimensions, but with 
a relatively greater inerease in the length 
of erypts. ‘This apparent: shift in favor of 
the generative rather than. the functional 
compartment of the epithelium is also re- 
flected in mitotic counts done on five germ. 
free and five conventional mice, The mean 
total number of division figures per 100 
ideally scetioned erypts in the two groups 
are 66.6 + 6.2 and 03.0 + 6.0, respectively, 
the difference being statistically signifiennt 
(P < 0.02), 

These data, suggesting as they do, rather 
buxic alterations in’ the mucosa brought 
thout by the flora, led to a more detailed 
kinetic analysis of cellular renewal in the 
two groups of animus, 


ANALYSIS OF CELLULAR RENEWAL 


Kpithelium, Wwoanimals sacrificed 1 hour 
after the administration of tritiated thy- 
midine, the label is found within cells that 
are incor immediately beyond the promitotie 
phase ‘of deoxyrihonueleic acid (DNA) sxyn- 
thesis, Thus, in the ileal epithelium of both 
germ-free and conventional animals sneri- 
ficcd at this interval, the label ix seen ex- 
clusively within the erypts (Figs, 3 and 4), 
The mean number of labeled celle per erypt 
acclion, based ona count of 40 ideally see. 
tioned erypts per animal, is 7.6 2 0.0 in the 
Kern free group ax compared to 11.0 + 04 
in the conventional group,, the differeuce 
boing significant at the OOF level, These 
data, paralleling the mitotic counta given 
above. indieste that the prownee of a bae- 


factuctte of valty’ Lartisctle oof arygete” sare ier pea 

40.00 Os 2 4 1 278 + Ob 

WO.t + 7.4 38 2.584 te OL 
<0.,.001 <0,001 <0.00 


forint flor ix axmociated with inerensed 
cellular profiferation in the ileal epit heliun.* 

With pmeage of time following adminix. 
tration of tritiated thymidine, the label. ix 
known to be distributed to the progeny of 
the cells originally Jabeled, and to remain 
within these cells once they no longer divide. 
Thus, Jabeled cella ins the intestinal epi- 
thelium, once having reached the villi where 
vormally no further division occur, remain 
labeled during their ascent of the villi, The 
advance of the labeled epithelium with Gime 
ix shown in Figuies 5 to 10, 

leven houne after administration of 
tritiated thymidine, labeled epithelial cells 
have inereaxed in number and have reached > 
the area of the erypt-villus junction in both 
germ-free and conventional animals (Figs. 
J and 6). At 24 houns the leading edge of the 
population of labeled cells has traveled ap- : 
te aiheatcly half the length of the villi in 
conveutional animals, whereas in germ-free 
animaix a slight Ing hax become apparent. 
At sticcomive intervals of time after. the 
injection of tritiated thymidine this differ. 
ence. in position of: the advancing edge ot 
the labeled epithelium in the two: r=nipe of 
animals becomes oven greater (Figs 7 and 
8). Finally, at 48 hours labeled cella are 
found at or very near the tips of vont villi 
in conventional mice (Fig. 0), whereas half 
or shghtly fess of the longth of villi remain 
yet to be) traverwa) in’ their) germ-free 
counterparts (Fig, 10), 

Those observations, expressed quantita. 
tively, are shown in Figure 11, which aleo 


“A given tnbeling trdex ia greater than the 
corresponding mitotic Intex beenuse of the rota 
tively greater durian of DNA aynt hentia an eom. 
pred te the duration of viaible mitonta, The mth 
of the two tniiees has been eatimatod tu be mi 
proxitnnatody $0,%* 
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Mig. 8, Mees of conventional mouse, TE hour after administration of tritiated thymidine, Labeted 
epithelial cells ce exchusively within crypts Oecrsional lymptoes tes and cotlonloondot hetial eetls within 
the lamina propria nce labeled. Autorndiogenagh; henutexs dies 3105, 

Kia. t. eam of gern-free mouse, Phot after administration of Crithated Chyntedine, fe broth the 
epitheliam and dhe luaninn propria fewer cells are labeled than inthe conventional meus. Autornedin 
graph; heomatesylins 105. 

Mio. &. Hoan of conventional mowe, TE hour after admintt ration of tritiated thytuidine, Labeled 
epithelial cells have renehed the area of the erypt-villun jrunethon.  Autorndiogeaph: bematesylin; 
«105, i 

Mie 6. Team of geror free mouse, TD hotre nfter ndministration of trithited thymidine. Labeled 
epithelial celbc have renehed the aren of che ervpt-viltus junction. The crypt, however, are shallower 
than ie the conventional anit,  Attorncliograples hemntosytins 9610s, 
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W005. 7, Ueccanen cof costeveenet Leonel tnnentinee, Wb Viertren cofteoe nckeuvisniot reat beote oof Cede beaterel tloaccendelisne, Tle brateetent 
epithelia hae Craversed abmost three fourthe of the lenge of villi Netorndiogeapls henatesylin; 
xu, 

Mia, Heans of gern free meta, Mb lonre after acdmibtbet ration of (ritinted thymleling, The nlvanction 
ede of Che labeled epithetial poputation hie net vet renehed the level of nbivillus,  Antorndiogrph; 
Jresrmtoosathens 10%, 

Het, Hota of ecosevecst booed rnsetinee, OM Teevenee caftare caedenndentect erat Goons cof tbe hentered CLagrennbelicnes, Ttovr Ural ested 
epithetions be nencing the tips of vali cenorally, ond tne netially renched the theofin few,  Auterndin 
sersagoles Vreornsaternsdinns XX 16, 

Wias, 149, Weonnenn cof georrise Creeee reventgores, ON Hever eftere: nebonnbenton rent boone oof Cet enteral Cloganndeltenee, Poveven tleevengele 
VANE saree meotsermtont boeortore tfeaere bee efor ceconsvennnt deonnand ananboneaed, Clee Leelee epoltleeticame extends only tes 
tidviltin loved. Nertecerecdtagernegebes hesnetewetins Xf, 
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Vin UL. Migeathon of the dabeled epithelial 
population after administration of  Crithated 
(hyimidine ty geri-free (OO) snd conven: 
tinh (@ panies, Mach point represents the 
Vile for tne inoting, espreennedd je Clee mverete sige: 
her of epithelial colle in vertiont column extend. 
iene from the bettomme of crypts ter the bighont 
Tabetod epithelial cotln on eorrenpeondting vill, 
The tfhoue interval mick appreastouetedy the 
Hise the epithedinnn begin ite ascent of the vill, 
after omerging from (he ceryptn,: 
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demonstrates graphically the extent of varie 


ation in position of the label in the several 
menher of cach time group. The mie of 
migration of epithelium in each of the two 
groups of mice appears to be constant, ir. 
the relationship between Cine and position 
of labeled epithelian: iin eneh ease be linenr, 
The regromion Sines, fitted to the deta, 
diverge sharply (Mig. (1), laevhiag coctticlots 
Of OES and 0.872, Analysia of covariance 
(Tabde 2) shows that the difference between 
the slopes of the lines (representing the 
difference between the epithelial turnover 
ruten far the two grog) is highly signifiennt 
(F ow (2s ff, bail 403 7%, < O08), 

Using the avenge mucosal ddmensons 
recorded in Table (and extrapokating fron 
the nhove data, it in seen Chat epithelial re- 
newal is complete, te. the labeled ceths 
reach extrusion zones, tin the team of eon 
ventional mice in somewhat over 2 days, 
whereas roughly 4 days are apparently re. 
qtired in germfree ines, despite their 
somewhat shorter villi, 

Lamina Propria, Within the lamina pro- 
pria and its lymphoid tise there in neither 
an anatomically defined generative com: 
partment nor a single path: of oniflow of 
cells, Therefore, with the prownt experi 
mental design, analysis of cellular renewal 
nin) mnigrition eannot be we preeta: ine then 
aren asin the epithelium, Thus, in eon 
ventional mniee sacrificed To hour after ad- 
ministration of tritiated thymidion, varying 
number of Inbeled celle, predominantly 
Iymphoevtes and reticuloendothelial cells, 
are senttored irregularly in the lamina 
propria, znd occasionally appear to be mi- 
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crating: Chrotgh the epithelium at) varies 
levels ef the villi Cig. 3, At etbsequent.. 
Intervals af Gime no consistent: ehuge in 
the population of labeled cells eau be: dis. 


cerned. ‘Phis is dikewisxe found te be the ease: 


with faboled lvmphoevies and reticule- 
endothelial colle in Peyer's patches, How. 
ever, comparison of the entire series of 
erm free and conventional animals reveals 
that, in all time groups, the number. of 
labeled cell in the lamin propria, the nun. 
ber associited with or migenating through 
the epithelia, and the number ins the 
Iwinphoid: tissue are regularly lower ins the 
germ free than in the conventional animals, 


DISCUSSION 


Thin study oxtabtishes that the rapid rte 
of cotlalae renewal ordinarily seen in the 
ileal epithelium: is due, at loust in part, to 
the presence of a living bacterial flora, In 
the absence of sucha flora, Le, in the germ. 
free animal, Che renewal proces proceeds 
ata signifienntly dower pace, Since the basic 
mechanisms invelved in’ the continuous 
turnover of intestinal epithelium are poorly 
understood, it is not possible to state pre- 
cisely how the presence of bacteria results 
in acceleration of the process, | 

The continuous migration of the intestinal 
epithelium does not seem to depend upon a 
“push” from dividing cella in the crypts, as 
it continues even when mitotic activity is 
nuurkedly depromod.'” Rather, it appears to 
represent, ax in other epithelia, a respon 
to the low of cells, with an adjustment of 
the mitotic rite corresponding to the need 
thus oxtablinhed., Accordingly, the present 
dita suggest: that living bacteria may act 
to necelorte the ete of low of colle from 
the xo-called extrusion zones at the tips of 
Vili. Thos, in the ileum of the conventional 
mote, Mmaiitennnee of an intact epithethun 


requires. higher rate of cethilar profiferation - 


in the erypts than ie cequieed tn the gern. 
free mouse, Correspondingly, in the proseace 
of renter rates of cellular lowe and: replace. 
ment, the rte of epithelial migration in the 
conventional moma excoodke that di ite 
sori free connterpart, 

Comparison of the miteonl dimnensdotn 
of the Gwe groupe of atbioale jie thie study, 
evens eekingg Seton eect the Hovnbtaet feots 
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inherent in sich wo two dimensional entimute, 
siggents that the presence of a bneterial 
flora resin not only in aecolertion of cel 
lular turnover, but also in ain inereuse in 
ize of the epithelial population. Then 
figures ase cementially in aecord with mens: 
wrements obtained in the vat? whieh showed 
the mirface aren of the fetent inal ste to 
be greater in the conventional than is the 
gerin-free animal. How this effeet is medi: 
ated ix anknown, Conceivably, the size of 
the epithelial population may somehow be 
linked to the volume of the lamina propria, 
which has been shown in this and other 
attdio’® to be strikingly responsive to. the 
presence of a living flora, 

Whatever the preci determinants. of 
the sive and renewal mte of the epithelial 
population, the presence of a living miero- 
hind fora clearly seaults in marked redue- 
tion in the fife span of ileal epithelial cells, 
This, in the conventional mouse, the opi- 
thelial cells reaching the extrusion zones 
are somewhat over 2 days of ge, wheres 
in the germ-free mouse, even with ite shorter 
villi, the corresponding celle probably reach 
approximately 4. days of age before they 
are float into the lumen, 

The microbial flora exerts a profound in- 
fluence upon population dynamics, not only 
in the epithelium but in the lamina propria 
as well, ‘Thin influence is evident from the 
differences: between germ-free. and conven. 
tional animale with respect to the total 
number of cella, the apparent mite of trans. 
epithelial low of cells, and the. number of* 
labeled colla within the lamina propric and 
ite Iympholted thestte, 

The physiologic consequences of then 
differences ii mucosal cell dynamies have 
Het av vot heen explored. Tt has been om: 
phasized thas, during ite migration, the 
epithelial coll ie undorgeiiygg constant change 
with rwapeet. to enzyme xystonn, chemical 
constituents, ultrastructural orgiization, 
and probably funetlonal capacity." Thus, 


with regand to absorptive function, for in. 


xtanee, the flor may exert an influence 
beyond amply alfooting the total surface 
siren of the mien, ebinjpgiiyg ae it does the 
netunl life evele of the epithelial cell, Siw - 
Hardy, tDoevnnagele etes porvofennnneed Hentteeensen con 
the lamion propria, on highly reactive 
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—Ismphoretioular tissue, the mierobinl Hora 
may shape Che defensive Cunetions of the 
mucosi. “This latter possibility: is sygeested 
hy the discovery that the germ-free guinen 
pig, Whiel, like the germ-free mouse, haat 
poorly developed laniina propria, xuceunbys 
rapidly to an oral challenge with Shigella 
Herner? 2a, an organism that produces: ne 
significant disease in the unaltered, eon. 
ventional guines: pig." 

The ileum: wax seleeted for the present 
stidy by virtue of the morphologie evidence 
of its great rexponsivenow to (he bacterial 
flora and beeatwe of the consideration that 
the maximal bacterial concentration in the 
hormal small intestine occurs ins this aren, 
If the effects of the fora upon the mueo 
ave mediated locally, it is possible Chat at 
other levels, in the presence of different 
docal bacterial concentrations, the influence 
of the flora could be of a different magni- 
tude. Alternatively, the effeets of the bne- 
terial flora could be mediated: systemically 
and could be related, for instance, to the 
much higher bueterial concentration present 
in the cooun, These problems are currently 
being investigated in our laboratory, 

The present: study serves. ti emphasize 
the dynamic charneter of the mtestinal mu- 
cost. The histologie appeur.nee of both the 
epithelium and the damisa propria mist be 
viewed as but a static: reprosenatation of 
complex, moving events; ax a reflection of 
the existing state of equilibrium among the 
rate of generation, the life span, and the 
rate of Joss of cell from the renewal syatem, 
The normal bueterial flora is seen to be one 
factor that plays a definitive role in the es 
(rblishment of the normal! equilibrium: of 
thix complex svatem, 


SUMMARY 


By comparison of germ-free and conven. 
tional mice, many of the morphologie ehnr- 
netoriation of the ileal muconn ordinarily 
reeaguized as Cnormal’ were demonstrated 
nethally te develop in response to the pros. 
chee of the bneterial flor of the natural 
eHVIFOnMett, 

Autorndiograplic study of the eum at 
various Cimes after adniinistration of (ith 
nted thyinidine to the two groups af mice 
revered that eelhilar renewal rites in the 
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micas are likewise sharply intlicneed by 
the normal microbial Horm. Che mite of turn: 
over of the ileal epitheliuns in the germ: free 
state was found to be significantly lower 
then in the presence of the conventional 
flora, Although not meusired an precinly, 
turnover of cells in the lamin propria and 


Peyer’x patches appeared to be affected — 


similarly by the living flora, 


The powible implications of these effects 


of tne florn were dixecueed and the concept 
of the intestinal mucosa asa dynamic ays- 
tem was emphasized, 
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Smith for the autoradiographic preparations 
whieh made this study powible; and to 
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atatintios, Division of Preventive: Medicine, 
Walter Reed Army Tnstitute of Research, 
for his valuable axsixtance in the statistical 
analysix of our data, The cooperntion of 
Professor 2. C. Trexler and Robert: Hakes, 
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